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ABSTRACT
24795

The overall object of this contract is the reduction of the
weight-to-power ratio of the hydrogen~oxygen fuel cell. Work in the
second quarter of the contract has been concentrated on (1) materials
studies including catalysts, supports and matrices, (2) modification
of thin platinum/screen type electrodes, (3) evaluation of cell operating
variables, (4) life-testing of standard electrodes, and (5) engineering
analysis of cell scale-up.

Catalyst studies included sintering of high area platinmm blacks
and evaluation of palladium containing electrodes. Asbestos-poly(vinyl
alcohol) contimues to show pramise as an electrolyte matrix. Electrode
veriables included platimm loading, Teflon content, and expanded metal
supports., Improved life performance of Cyansmid standard electrodes was
demonstrated. Preliminary analysis was made of methods of heat and water
removal in a 2 kilowatt battery. System weights (not ineluding tankage) of

ﬁ&?’ﬂ(@e

50-100 1bs/kw appear feasible.




1.1

1.2

h.
h.l
k.2

k.3

5.
5.1
5.2
5.3
5.3.1
5.3.2
5.3.3
5.k
5.k,1

S.h,1.1

TABLE OF CONTENTS

INTRODUCTION

Objectives

Scope

SOMMARY

MATERTALS INVESTIGATIONS

Catalysts
High Area Platimm

Palladium Catalysts

ELECTRODE DEVELOPMENT

High-Loading Electrodes
Graded Waterproofing

Expanded Nickel as Electrode Support

TEST CELL DEVELOPMENT

Cell Design Modifications

Cell Assembly

Investigation of Operating Variables
KOH Concentration

Pressure

Carbonate Concentration
Life-Testing

Tests with Standard Electrodes

Testswith Presaturated Gases

~N WV W W

10
10
12
1k

18
18
18
2k
2k
3
31
3k
3k
3k



5.k.1.2
5.4.1.3
S.k.1.h
5.4.2

6.1
6.1.1
6.1.2

6.2

TABLE OF CONTENTS

(Continued)

Matrix Variations
Tests at 100°C
Effect of Gas Reversals

Tests with Experimental Electrodes

SCALE-UP

Dynamic System of Water Removal

Dynamic System with Auxiliary Cooling
Dynemic System with No Auxiliary Cooling

Static System of Water Removel

FUTURE WORK

APPENDIX - Performance Equations for Dynamic
System with No Auxiliary Coeling

REFERENCES

DISTRIBUTION LIST FOR SECOND QUARTERLY REPORT

37
38
39
L1

b5

57
60

62

69

T0



——

Tables

3-1

ko

k-2

ly
5-1
5=2

6-1

6-3
6=k

6-5

LIST OF TABLES

Platinmum Surface Area Before and After Electrode

Titles Pagg
Formation 6

Evaluation of Electrodes Containing Palladium

vs. Standard Counter-Electrodes 8
Performance of High-Loading Electrodes 11
Evaluation of High-Loading Electrodes vs.

Standard Counter-Electrodes 13
Evaluation of Electrodes with Dual Waterproofing

Structure 15
Evaluetion of Expanded Nickel as Electrode Support 16
Distribution of Electrolyte After Cell Assembly 21
Life-Test Summary 35

Range of Operating Conditions, 2 Kilowatt Dynamic
System with Auxiliary Cooling 50

Distribution of Heat Removal, 2 Kilowatt Dynamic System
with Auxiliary Cooling 51

Estimated Pump and Fan Capecities, 2 Kilowatt Dynemic
System with Auxiliary Cooling 53

Estimated Weight and Power Consumption, 2 Kilowatt
Dynemic System with Auxiliary Cooling sk

Estimated Weight-to-Power Ratio, 2 Kilowatt
Dynamic System with Auxiliary Cooling 55



Fiﬂzes
S=1

5«2

5-8
5-9
5=10
5-11
5«12
6-1
6-2

6-3

LIST OF FIGURES

Titles

Cell Construction

Cell Internal Resistance vs,Electrolyte Loading
ard Assembly Pressure

Cell Performance vs. Electrolyte Loading and
Assembly Pressure

Cell Performance vs. KOH Concentration; Standard
Electrodes - Fuel Cell Asbestos Matrix

Cell Performence vs,KOH Concentration; Standard
Electrodes -"ACCO" Asbestos Matrix

Cell Performance vs., KOH Concentration; High-
Loading Electrodes - Fuel Cell Asbestos Matrix

Cell Performance vs.KOH Concentration; High-
Loading Electrodes - "ACCO" Asbestos Matrix

Cell Internal Resistance vs.KOH Concentration
Effect of Carbonate in Electrolyte

Life Test 6708-19 Before Gas Reversal

Life Test 6708-19 After Gas Reversal

Life Test 6708-57

Dynamic System - Air Cooled Battery

Dynamic System « Internally Cooled Battery

Operation of Fuel Cell with No Auxiliary Cooling

i

22

23

30
33
36
4o
k2
kT
48
58



1. INTRODUCTION

1.1 Objectives
The objectives of the National Aeronautics and Space Administration

Contract NAS 3-2786 are indicated by Article I in the Statement of Work of
RFP No. APGO-1508.
ARTICLE I - OBJECTIVES

(a) A fuel cell utilizing hydrogen and oxygen reactants is of considerable
interest to WASA because of its high electrical work output per unit of weight
of reactants. The efficiency of hydrogen-oxygen fuel cells is 60% or better in
practical cells. These cells have a power plant weight of approximeately 150
pounds per kilowatt neglecting reactants and tankage. The chief objective
of hydrogen-oxygen fuel cell research is the reduction of the weight-to-power
ratio.

(b) An important factor in determining the fuel cell weight is the
weight of the electrode and its supporting structure. The intent is to
support research and development efforts directed towards obtaining electrode
systems which will produce a higher electrochemical reaction rate per unit
weight of electrode and assembly while maintaining a satisfactory fuel
consumption efficiency.

(e¢) While this RFP suggests that high-performence, light-weight
electrodes are the basic interest, it should be understood thet the weight
and efficiency of the entire power plant must be included to in fact achieve
the purpose of this effort: namely, the reduction of the fuel cell weight-
to-power ratio.

1.2 Scope

The scope of work to be done by American Cyansamid Campany during the
contract year is outlined in the Schedule of Work, presented in the First
Quarterly Report.

Work in the second quarter of the contract was devoted primarily to
Phase I of the Schedule of Work. Emphasis was given particularly to _(1)
materiels including catalysts, supports, and matrices, (2) study of
modifications of American Cyanamid Type A and Type B electrodes, and (3) the
develomment of suitable small test vehicles for evaluation of both initial
and life performance of the above electrodes. Initlial engineering analysis
was made for Phase II, which deals with scale up of single cells to epproximate
battery dimensions and configuration. Plans for work in the third quarter of
this contract are included in the last section of this report.
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2. SUMMARY

Following is a summary of the major findings of the second
guarterly report period.

(1) Further work with high area platimm blacks indicated that
a major portion of the platimum surface area was lost in the electrode
manufacturing process. In contrast, standard pletinum bleck lost
relatively little surface area during electrode preparation. |

(2) Although exposure of both cammercial and high area platimum
blacks alternately to sair and hydrogen caused severe sintering of the
powders, similar treatment of the formed electrodes produced very little
further change in platimum surface area.

(3) The use of both cammercial and laboratory catalyst preparations
containing pelladium in Type A electrodes was investigated. It was found
that at standard loadings (9 mg/cm?) or higher, performance of palladium-
containing catalyst was poorer, or at best equivalent, to the same loading
of coammercial platinum black. With Type B electrodes (catalyst supported
on carbon) at catalyst loadings of 1 to 2 mg/ cm?, and when used as cathode,
& small performance advantage was obtained with palladium over platinum,
However, performance was well below that of standard electrodes.

(4) Since the several catalyst studies to date indicated no
significent advantages over commercial platinum black, it is planned to
use‘ the latter material exclusively in the further electrode development

performed under this contract.




(5) It was shown that at TO°C electrodes containing 40 mg Pt/cm?
and 25% Teflon (based on platimm-Teflon content ) supported on 40 mesh
nickel screen produced a 20 millivolt increase in cell working potential
over the current density range 40 to 40O ma/cm®. Thus, at 400 ma/cm2 cell
potential was about 0.80 volt.

(6) Studies of the effect of increased loading at anode and
cathode indicated that at low current densities improvement was associated
with higher loading at the oxygen electrode. At high current densities
improvement was associated with higher loadings at the hydrogen electrode.

(7) No apparent advantage was found for graded waterproofing
of electrodes.

(8) ¥o advantage in electrode performance was found in the
use of expanded nickel over nickel screen in the electrode structure.

(9) An improved 2" x 2" test cell utilizing Teflon gasket
and matrix seal was developed and adopted as standard for life-testing.

(10) The effect of electrolyte loading and cell assembly
pressure on electrolyte distribution, cell internal resiatance, and
performance was investigated. For 20 mil Fuel Cell Asbestos, an electrolyte
losding of 1.0 - 1.5 g/g dry matrix, and a cell assembly pressure of
120 - 180 p.s.i. is optimum.

(11) The influence of concentration of KOH in the electrolyte
on performance stability wes investigated at TO°C for four sets of
conditions involving standard and high platinum electrodes, and matrices
of Fuel Cell Asbestos Board and "ACCO™ asbestos. With standard electrodes
and Fuel Cell Asbestos Board, operation becomes sensitive to KOH concentration
at current densities greater than 200 ma/ em2, With high-loading electrodes
and ACCO asbestos, short term stability can be achieved to at least

800-1000 me/cm? .
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(12) Preliminary experiments on the effect of pressure at
70°C indicated that over the current density range 40-200 ma/cm? an
increase in cell potential of 35-40 millivolts can be achieved by
increasing operating pressure from O to 20 psig.

(13) The influence of concentration of carbonate in the
electrolyte on cell performance was studied. The date show that at
T0°C and 100 ma/cm2, reduction in cell potential amounts to about |
30 millivolts when nearly half of the potassium is present as carbonate.
Beyond this carbonate level performance drops rapidly.

(14) Improved life performance at 70°C and 100 ma/cm2 has
been achieved with standard electrodes using both dry and presaturated
inlet gases. One test has been running for over 1800 hours with a net
drop in cell potential from 0.845 to 0.813 volt.

(15) In general it was observed that during life-testing,
internal resistance increases slowly as potential falls. It has been
found that occasional reversal of gases, e.g., after 500 hours, has a
stabilizing effect on both resistance and cell potential.

(16) In preparation for scale-up of experimental cells,
consideration has been given to various systems for heat and water
removal. Calculations show that in a 2 kilowatt dynamic system, the
gas recycle pump is a mejor weight factor. Operating at high humidities
(i.e., high cell temperatures and low electrolyte concentrations) is
desirable to minimize the weight of the gas recycle pump. Maintaining
both heat and water balances by means of excess gas flow appears
impractical because of the very high gas recirculation rates required.
Total system weights (battery and auxiliaries, but not reactant tankage)
of 50-100 lbs/kw should be attainable with either dynamic or static

systems.
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3. MATERIALS INVESTIGATION

3.1 Catalysts
Work in the preceding report period(l) indicated that platinum

black with a surface area significantly higher than that of comercially
available material could be prepared, but no better performance characteristiés
in a hydrogen-oxygen fuel cell could be achieved. During the present report
period this investigation has been extended. Also, an investigation

was made of the use of palladium as catalyst in thin electrode structures.

3.1.1 High Area Platimum

A possible explanation of the lack of improvement in performance
of electrodes formed from high area platimm black has been uncovered by
surface area measurements on the formed electrode discs. Surface area
measurements by nitrogen adsorption made on standard platinum black before
and after formation into &n electrode show a significantly lower platinum
surface area in the formed electrode. Thus, as indicated in Teble 3-1, a
decrease of 10 m2/g to about 2/3 of the original area was observed in one
set of experiments.

There seems to be & considerably larger decrease in surface
area in forming electrodes from high area pletimum. A series of electrodes
was made with an experimental platinum black of specific area 42 m2/g and
with levels of Teflon binder from 5 to 35%. Electrodes made from this
black had surface areas of platimm in the range 11 to 19'm2/g, a reduction
to 1/4 to 1/2 of the original area. Indeed, the latter surface areas were
substantially below that found for standard electrodes. Performance of
these electrodes was in no case better than standard. It is obvious
that the high surface area platimum is more sensitive than commercial
black to the process of making electrodes. In view of this result,

no additional work on high area pletimum is contemplated.




TABLE 3-1

Platinum Surface Area Before and After Electrode Formation

Pt Black
No.

Commercial

k9

Prior Pt Surface Area, m2/g

Treatment Powder Electrode
None 30 21
After Hy treatment 20
Second H, treatment 19
None (5% Teflon) T} 11
After H, treatment 11
None (10% Teflon) k2 10
After H, treatment 11
None (20% Teflon) Lo 11
After H, treatment 12
None (35% Teflon) 42 19
After Hy treatment 16




In our previous report we described the extensive sintering of
both commercial and high area platinum black powders when initially exposed
to air, purged with nitrogen, and then exposed to hydrogen at ambient
temperature. The data in Table 3-1 show that once the platinum black is
formed into an electrode on a metal screen, it is relatively free of
surface area change; even on repeated alternate exposure to air and
hydrogen.

3.1.2 Psalladium Catalysts

It is well known that pelledium is & catalyst of activity similar
to platinum when used in alkaline electrolyte fuel cells. Therefore, it
seemed useful to examine the performance of palladium in the thin electrode
structures presently under investigation. Both commercial palledium black
(surface area 19 m2/g) and laboratory samples (prepared by the methods
described previously for platinum ‘bla.ck(l )) were examined.

Initially it was thought that a high area palladium or perhaps
a codeposited mixed black of platinmum-palladium might give increased per-
formance, in accordance with the objectives of this contract. Unfortunately,
efforts to prepare high area blacks containing palladium have been unsuccessful
so far, since, in general, surface areas of laboratory samples have fallen
in the range of 10-15 m2/g.

Electrodes were made of a number of these materials and some
representative performance data are shown in Table 3-2. These data were
obtained in cells using standard AB-1 counter electrodes. Data for lower

levels of platimum and palladium deposited on carbon are also included.
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Mixtures of metals were prepared by coprecipitation. For reference, data
on electrodes prepared fram commerciasal platinum and palladium blacks are
shown.

In our experience, all pelladium catalysts are equal to or
inferior to the same quantity of pletinum when used at the hydrogen electrode.
At the oxygen electrode, we have found that at lower levels of catalytic
metal (1 or 2 mg/em2) pelladium performs slightly better than the same quantity
of platinmum. This difference is not found at higher catalyst levels.
Coprecipitated mixtures of metals show no advantage. Laboratory eand commercisl
preparations of palladium are about equivalent. In short, palledium catalystse
do not seem to have any advantage over platimumm in high.performance electrode

systems,
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k, ELECTRODE DEVELOPMENT

4.1 High-loading Electrodes

Data given in the First Quarterly Report(l) indicated that electrode
performance might be improved by increasing the platinum loading, decreasing
the waterproofing level, and utilizing single-screen structures. In order
to explore these areas 1n greater detall, nine new electrode sheets with
4o mg/ cm® loadings on single 40 mesh 10 mil wire nickel screens were prepared.
Teflon level was 25% (standard) in three of the sheets, 14% in another three,
and 8% in the remaining three sheets.

Each of these electrodes was evaluated against & counter-electrode
of the seme type, and for the 14% and 25% Teflon electrodes individually as
hydrogen and as oxygen electrodes against standard Type AB-1l counter
electrodes. Preliminary tests showed that with electrodes containing 8%
Teflon, performance was erratic and poorer than with standard electrodes.
Therefore, no further evaluation of the latter electrodes was made.

Averaged data for the electrodes containing 14% and 25% Peflon
(same type on both sides of the cell) are presented in Table h-1. Data
for two standard AB-l1l electrodes from recent production are included
for comparison. A comparison among the averaged data for different
sheets of the same type indicates a good degree of reproducibility in
the electrode mamufacturing process. The grand average data for all
sheets of the same type indicate thet 4O mg Pt/cm® electrodes containing
either 14% or 25% Teflon give better than standard performance at low

current densities. At high current densities, the 25% Teflon electrodes

10
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give better results than those containing 14% Teflon. Actually, as shown
by the standard deviations in Table 4-1, the electrodes containing 14% Teflon
tend to perform more erratically.

To determine whether the improvement in performance noted for
the high-loading electrodes was associated with the hydrogen or the oxygen
electrode (or both), a series of tests was run in which high-loading electrodes
were tested against standard counter-electrodes. The date are shown in
Teble k-2, Because the difference in performance between standard and high-
loading electrodes is small, it is difficult to draw firm conclusions. It
does appear, however, that at low current densities, improvement in performance
is associated with the oxygen electrode, and at high current densities, with
the hydrogen electrode. At low current densities, the reaction mechanism
at the oxygen electrode is probably performance-limiting. At high current
densities, the sbility of the hydrogen electrode to handle the correspondingly
high rate of water production may well be critical. At any given time, a
certain numbér of active catalyst sites in the hydrogen electrode are
probably temporarily "deactivated" by adsorbed product water. At sufficiently
high current densities, the number of available active sites may become
limiting. Increasing the platinum loading et the hydrogen electrode may
therefore improve performance at high current densities simply by making
more active sites available for reaction.

L.2 Graded Waterproofing

Several electrodes having a graded waterproofing structure were
prepared and evaluated. In these electrodes, the Teflon level was 35%
on one face, and 8% on the other. It was thought that this type of structure
might tend to stabilize the electrolyte-gas interface, and thus lead to

improved performance in life tests. Initial polarization data for these

12
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electrodes, run with the low-waterproofing face toward the electrolyte,
are shown in Table 4-3. Performance appears to be equivalent to that for
electrodes having similar support structure and platinum loading, but with
uniform waterproofing. Performance of these electrodes in life tests will
be checked as time permits.

4.3 Expanded Nickel as Electrode Support

At the start of this report period, it was considered possible
that the physieal characteristics of expanded metal might contribute
desirable properties to electrodes made with this material as support,
resulting in increased cell performance, especially at higher platinum
loadings. Expanded metal has & number of possible advantages over conven-
tional woven screen. Since there are no individual wires, there are no
contact points and the conductivity in the plane of the sheet should be
improved. Also, the higher open area per unit weight allows higher catalyst
loading or increased available active area per unit of geametric surface.
Expanded nickel sheets with from 25 to 625 openings/ in2 and
thicknesses fram 5 to 23 mils(a)vere evaluated in this work. ©Small
electrode sheets were prepared with both single and multiple thicknesses
of expanded metsl (sandwich structures) with totsl platimum loadings
from 10 to 80 xng/c':xn2 and Teflon levels of 10 to 40% based on platimum
content.
Results of testing at ambient temperature are shown in Table h-k
and are compared with a standard catalyst formulation at 9 mg Pt/ cm? on
conventional screen (listed at the top of the table). Froam the polarization data
it will be seen that over the range of variasbles studied, there is no appsrent

advantage in using expanded metal instead of the standard woven screen.

(a) Obtained from Exmet Corporation, Bridgeport, Connecticut
1k
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TABLE h-L

Evaluation of Expanded Nickel as Electrode Support

As Oxygen Electrode vs.Standard Hydrogen Electrode

1" Diameter Cell; Ambient Temperature; SN KOH; Filter Paper Matrix

? Expanded Nil) Total Teflon Cell Potential, " Run
Mesh,Open— Single Layer No. of Platinum, Volts at No.
l ings/in? Thickness, Layers in mg/cm? % 1
mils Sandwich 4O ma/cm? 180 ma/cm? 5-6792
l Standard AB-1 9 25 0.925 0.835
Expanded Nickel
25 21 3 Lo 4o 0.93 0.76 75-1
l 65 14 3 Lo ko 0.945 0.82 Th-1
65 1h 6 80 L0 0.945 0.73 T75-2
' 120 13 2 10 30 0.92 0.81 61-1
120 13 1 20 30 0.95 0.835 Sh-1
120 13 2 20 30 0.93 0.785 - 62-1
120 13 1 40 10 0.92 0.78 53-1
120 13 1 Lo 30 0.95 0.82 h7-2
120 13 2 ko 50 0.94 0.80 56-1
120 13 2 8o 10 0.95 0.79 50-1
120 13 2 8o 30 0.95 0.79 31-1
120 23 1 ko 30 0.94 0.82 )
120 23 1 ko ko 0.93 0.81 55-1
300 10 1 ko 30 0.93 0.8 48-2
300 10 2 80 10 0.9k 0.79 29-2
300 23 1 20 30 0.92 0.795 48-1
300 23 1 ko 20 0.94 0.795 4s5-1
300 23 2 ko 30 0.92 0.79 50-2
300 23 2 80 10 0.90 0.68 29-1
300 23 2 80 20 0.95 0.775 3h]
300 23 2 80 30 0.95 0.79 L3-1
625 5 3 ko 1k 0.94 0.81 195-1
625 5 6 80 1k 0.92 0.75 192-1

(1) obtained from Exmet Corporation , Bridgeport, Connecticut
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It can be concluded, however, that for expanded nickel 120 openings/ in2
gave better results than tighter mesh sizes (300 and 625 openings). More open
mesh (65 and 25 openings) gave satisfactory catalyst retention only at a
high Teflon level (40%) and even then performance was not as good as with
120 openings/ in®., The optimumm range of waterproofing in this series appeared

to be 20 to 30% Teflon.
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5. TEST CELL DEVELOPMENT

5.1 Cell Design Modifications

To determine whether degradation of the silicone rubber gaskets
or of the plastic film used to seal the edges of the matrix is a factor
contributing to the voltage declines observed in the life-testing program,
a 2" x 2" cell utilizing Teflon gaskets and matrix seal was designed. A
comparison of the construction of this cell with that of the silicone
rubber gasketed cell used in all prior work is shown in Figure S5-1.

The new cell design uses the same nickel face plates as were /
described in the First Quarterly Report(l). When these plates are brought

together, the Teflon gaskets join to form a gas and liquid-tight seal around

the outer edge of the cell. The thin Teflon gasket deforms around the matrix

to prevent gas leakasge across the cell., The corrugated nickel screens are
used to hold the electrodes against the membrane and also act as part of
the current collector circuit. The use of corrugated screens eliminates
the close thickness tolerance required for the spacer screens in the
previous cell design. Since the Teflon gaskets came together at the edge,
the need for a plastic film liquid seal is eliminated.

Life tests conducted in cells modified in the manner described
above are discussed in Section 5.k4.

5.2 Cell Assembly

Using a 2" x 2" cell of standard design (TPeflon covered silicone
rubber gaskets and polyethylene matrix seal), the effects of electrolyte
loading and cell assembly pressure on cell resistance and performance were
studied. Standard AB-l electrodes and 20-mil Fuel Cell Asbestos were used.

The tests were run at 70°C and atmospheric pressure, using TN KOH.

18



CELL CONSTRUCTION

(Schematic - not to scale)

TYPE 1l (MODIFIED) CELL - TEFLON GASKETS

e—— NICKEL PLATE

CORRUGATED NICKEL SCREEN

1] W [~ veFLoN GaskeT

P aTaTa'aTaataTalea’e o 8 aaaraTa ata A nar Dl

—_— c—— > NICKEL SCREEN
MATRIX

TEFLON GASKET

ELECTRODE

TYPE | (STANDARD) CELL - SILICONE RUBBER GASKETS

~=—— NICKEL PLATE
- NICKEL SCREENS

(] —~— SILICONE RUBBER GASKET
 I— (covered with Teflon tape)
l —a—— POLYETHYLENE FILM
__C J r—' (heat—sealed at edge)
t MATRIX
— : C— ™ ELECTRODE

FIGURE 5-1
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Table 5-1 shows the experimentally determined distribution
of electrolyte between the matrix, the electrodes, and the spacer screens,
for initial electrolyte loadings ranging fram 0.25 to 1.5 grams KOH solution
per gram dry asbestos. This distribution was essentially independent of
cell assembly pressure in the range 60-180 psi. During assembly, 12-33%
of the KOH solution initially loaded was pressed out of the matrix. ZExcept
at the highest intial loading, 80-90$ of the rejected electrolyte was retained
in the electrodes, while the remainder was retained in the spacer screens.

The amount of electrolyte retained by the electrodes amocunted to about 13-2&%
of the dry electrode weight, as campared to a "saturation" level of about
Lo%.

The effects of electrolyte loading and assembly pressure on
cell internal resistance are shown in Figure 5-2. At an initial loading of
0.25% g/ g, cell resistance is very high over the entire range of assembly
pressure. Probably at this loading the electrolyte is not uniformly distributed
over the entire matrix area. For this matrix material, the optimum conditiomns
for minimum cell resistance appear to be at a loading of about 1.0 g/ g and an
assembly pressure in the range 120-180 psi.

Figure 5-3 shows the effects of electrolyte loading and assembly
pressure on cell performance. As shown in the figure, performance at current
densities above 100 ma./ em2 falls off sharply as the electrolyte loading is
decreased below 1.0 g/g. At a loading of 0.25 g/g, no current cen be drawn
fram the cell. There is a general trend toward improved performance with
increasing assembly pressure at all loadings above 0.25 g/g. At a loading
of 0.75 g/g, a current density of 200 m/anZ can be drawn only at the higher

assembly pressures, 120-180 psig. The conditions for optimum cell performance
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CELL INTERNAL RESISTANCE, Ohms

CELL INTERNAL RESISTANCE Vs. ELECTROLYTE LOADING AND ASSEMBLY PRESSURE
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WORKING POTENTIAL, Volts
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appear to be the same as already noted for minimum cell resistance, i.e.,
sbout 1.0 gram electrolyte solution per gram dry matrix and an assembly
pressure of 120-180 psi.

5.3 Investigation of Operating Variables

The effect on fuel cell performance of a number of operating variables
is being studied. This work is being directed toward determining a set of
conditions which will maximize cell voltage and permit stable operation at
high current densities. The principle variables under consideration are
temperature, pressure, and electrolyte concentration. In addition, same
very preliminary studies have been made on the effect of carbonate concentration
in the electrolyte. To date, experimental work has been limited to T0°C,
but extension of the present program to higher temperatures is planned.

5.3.1 KOH Concentration

The effect of KOH concentration over the range 1-13N was studied,
using both standard AB-1 electrodes and high-loading (40 mg/em2, 25% Teflon)
electrodes, together with 20-mil Fuel Cell Asbestos, or "ACCO" asbestos. The
latter, as described in the First Quarterly Report, is more open than the Fuel
Cell Asbestos and in equivalent thickness, gives a lower cell resistance.

For the Fuel Cell Asbestos, the optimum electrolyte loading
described in Section 5.2 was used. With the less dense "ACCO" Asbestos,
an initial loading of 2.0 gram solution per grem dry asbestos was employed.
This is close to the "saturation" loading, and represents the same total weight
of KOB as was used with the Fuel Cell Asbestos matrix. Cell assembly pressures

of 120-180 psi were used with either matrix. Tests were run at 70°C in 1" cells.
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In obtaining polarization date, the initial KOH concentration was maintained
throughout the run by adjusting gas flows at each current density to maintain
the water balance. Voltages were considered stable if they did not drop
more than 3 millivolts during a two mimite interval between readings.

For the four cambinations of electrodes and matrix, the dependence
of voltage on KOH concentration over a range of current densities is shown
in Figures 5-h through 5-7. At current densities below 100 ma/cma,‘voltage
was in e&ll1 cases relatively insensitive to concentration in the range 3-13N,
although performance was generally slightly better at high normalities than
at low. At current densities above 200 ma/cm2, voltages became increasingly
sensitive to KOH concentration, particularly with standard electrodes. With
standard electrodes and 20-mil Fuel Cell Asbestos, stable performance at
400 ma/cm? was achieved only in a narrow concentration range centering
around 5N. At 600 ma/cm2, stable operation could not be obtained at any
concentration (see Figure S-lI). With high-loading electrodes and "ACCO"
asbestos, voltage was less sensitive to KOH concentration, and stable performance
could be achieved at least out to 800-1000 ma/cm2. With this system, performance
as high as 0.8 volts at 400 ma/cm2 was demonstrated (see Figure 5-T). It
should be noted that the above discussion refers to short term stability only.
Long term stability at high current densities remains to be demonstrated by
life test.

The better performance obtained with the "ACCO" asbestos matrix
was due in part to lower internal resistance. Figure 5-8 shows the relationship
between cell rgsistance and electrolyte concentration for the four electrode-
matrix combinations studied. Cell resistance did not vary with the type of

electrode, and was little affected by electrolyte concentration in the range 3-13N.
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CELL PERFORMANCE vs. KOH CONCENTRATION
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WORKING POTENTIAL, Volts
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WORKING POTENTIAL, Volts
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WORKING POTENTIAL, Volts

CELL PERFORMANCE vs. KOH CONCENTRATION
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CELL INTERNAL RESISTANCE, Ohms
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However, the less dense ACCD matrix gave substantially lower cell resistance
than the 20-mil Fuel Cell Asbestos. A thinner grade of Fuel Cell Asbestos
would probably also give lower resistance and better initial performance, but
there appear to be some difficulties associated with using thinner matrices
in life tests (see Section 5.4).
5.3.2 Pressure

Same preliminary date has been obtained on the effect of pressure
on cell performance at TO°C. Two tests were run, one with 30-mil and the
other with 20-mil Fuel Cell Asbestos matrix. Standard electrodes were used
in the former test, while in the latter, a high-loading oxygen electrode
was used. The tests were run in 2" x 2" cells of the modified design described
in Section 5.1, using C-clamps to prevent ges leakage. Polarization data
were obtained at pressures up to 40 psig. Both tests showed that voltage
increases with pressure, the increase being about the same over the whole
current density range studied (0-200 ma/cm2). At 100 me/cm2, a 35-40 millivolts
increase was obtained by increasing the pressure from O to 20 psig, and an
additional 15-20 millivolts by further increasing the pressure to 40 psig.

In order to extend the study of the effect of pressure to higher
temperatures over a range of electrolyte concentrations, the cell described
in Section 5.1 has been further modified to provide a wider gasket area and
an increased number of bolts. Also, design of a cell suitable for life-testing
under pressure has been started.

5+3.3 Carbonate Concentration

To determine the effect of carbonate on fuel cell performance,
a series of polarization curves was run using as the electrolyte KOH solutions
with varying KoCO5 content. Total solute concentration was kept constant
at 34%. The K3CO3 concentration, expressed as a percentage of the total

solute, varied from O to 100%.
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The experimental date shown in Figure 5-9 indicate only a relatively

small loss in performance with solutions containing K-COs up to about 4i%
of the total solute. (The solution is still approximately 3N in KOH.) At
this level, cell voltage at 100 ma/cm2 is about 30 millivolts lower than
with "carbonate-free" KOH. When KaCOz comprises more than Wi% of the
electrolyte, performance drops sharply, and is very poor for an electrolyte
containing all K-COs and no KOH.

Based on the above data, it does not appear that the amount of
carbonate normally present in reagent grade KOH (0.31-1.0%), or the
amount which might be picked up by the electrolyte during cell assembly
should present & problem. Of more concern, however, is the amount of CO>
vhich might be brought in with the reactant gases, particularly in our
life-testing program, where no recirculation of gases is employed. The
CO- content of the oxygen used in life-testing is estimated to be about
6 ppm, based on studies of absorption in aqueous KOH. At the flow rates
used, absorption by the electrolyte of all the CO, from the oxygen stream
would convert as much as 20-251: of the KOH to carbonate in 1000 hours at
100 ma/ em®. Actually, since Ascarite traps are used before the cell, and
since contact between the bulk gas stream and the electrolyte is relatively

poor, CO- pickup from the gas streams is probably much lower. Further tests

are planned to determine how much carbonate actually accumulates in the matrix

and how much is present in the exit gas stresam.
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5.4 Life-Testing

A summary of life tests run during the second quarterly period
of this contract is given in Table 5~2. Using standard AB-1 electrodes,
tests were conducted to evaluate the effects of changes in cell design,
variations in type and thickness of the matrix, the use of presaturated
inlet gases, and operation at a cell temperature of 100°C. Several additional
tests were run to evaluate the performance of some experimental electrodes.

5.4.,1 Tests with Standard Electrodes

Life test results reported in the First Quarterly Report indicated
a slow decrease in voltage with time. Recent tests contimue to show this
trend. In most cases, too, an upward trend in cell resistance with time
has been observed. The performance obtained over the first eight hundred
hours of life test 6708-19, shown in Figure 5-10, illustrates these trends.
During this period, an overall voltage decline of 65 millivolts or about 8 mv/100
hrs., occurred. During the same period, the cell resistance increased by
about 1]l milliohms to & value nearly double the initial cell resistance. RKote,
however, that at a total current of 2.6 amps (100 ma/cm2), the IR drop
corresponding to this increase in resistance accounts for only about hS%
of the observed decrease in cell voltage.

5.4.1.1 Tests with Presaturated Gases

Three tests have been run at a cell temperature of T70°C with gases
presaturated at 47°C. Under these conditions, the KOH concentration in the
active area of the cell cannot exceed approximately 10.5N. In one test
(6718-2), a standard cell configuration with Teflon-covered silicone-rubber
gaskets and a polyethylene matrix-seal was used. Another test (6597-26)

was run in a modified cell (see Section 5.1) having Teflon geskets and matrix seals.
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In both of these tests, downward trends in voltage and upward trends in cell
resistance, similar to those ocbserved in life test 6708-19, were encountered.
Thus, it does not appear that these trends are associated with either (a)
drying out around the inlet gas ports, as suspected on the basis of tests
with dry gases, or (b) degradation of or contamination from silicone rubber
or polyethylene cell parts.

In a third test (6597-42), gas flows were adjusted so that
virtually all of the product water was removed by excess gas flow on the
hydrogen side. Oxygen flow rate was set slightly above the stoichiametric
requirement, thus providing a slow contimiocus purge without removing any
appreciable amount of water. While this test has not been running long
enocugh to provide & good camparison with other tests, the voltage drop
during the first 147 hours appears to be unusually high.

S.4,1.2 Matrix Variations

In most of the tests run during this period, 30-mil thick Johns-
Manville Fuel Cell Asbestos Board was used as the matrix. Because the
IR drop c¢bserved with this thickness was appreciable, thinner sections
of the same asbestos were also tested. In life test 6708-33, a 10-mil
thickness was used. This test started at a higher level than did the tests
with the thicker matrix, but showed the same general pattern of voltage decline.
For a period of several hundred hours during this test, the water removed by
the exit gases exceeded that formed electrochemically by about 20%, indicating
leakage of gas through the matrix. In life test 6708-57, a 20-mil thickness
proved more satisfactory. This test is discussed in more detail in

Section S5.h.1.L4,
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In one test (6708-UT) of the current series, "ACCO" asbestos
was used. Performance was erratic, apparently as a result of gas leakage
around the edges of the cell. Further life test evaluation of this asbestos
is planned.

To determine whether the generally-observed loss in performance
with time might be assoclated with a degradation of the asbestos matrix, one
test (6708-76) has been started with an entirely different type of matrix.
This matrix, a proprietary material designated by American Cyanamid Company
as type B-2 Fuel Cell Membrane, consists of an ion-exchange resin embedded
in an organic binder. With this matrix (approximately 25 mils thick), cell
resistance and initial voltage were approximately the same as with the 10-mil
Fuel Cell Asbestos. After 217 hours operation a downward trend in voltage
and upward trend in cell resistance similar to those observed with asbestos
matrices were evident. Thus it appears unlikely that the observed trends
are caused by degradation of the matrix.

S.k.1.3 Tests at 100°C

Four tests were run at a cell temperature of 100°C, three
with dry inlet gases and one with inlet gases presaturated at 79°C. 1In
all of these tests, & more rapid decline in performance than in the TO°C
tests was observed. This may be due partly to the greater difficulty in
maintaining the water balance with dry gases at 100°C (the exit gas flow
required to maintain an average concentration of SN KOH at 100°C is only
about 25$ of the stoichiametric requirement). Deterioration of the poly-

propylene film used to seal the edges of the matrix also may have contributed
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to the poorer performance at 100°C. In all tests, some degradation of the film
was apparent upon disassembling the cell, and in life test 6582-178, deterior-
ation of the film permitted water to escape around the edges of the matrix,
resulting in over-drying the cell. The electrodes from life tests 6582-178

and 6382-172 were soaked overnight in water and re-evaluated. Those from
6582-178 hed apparently lost some activity, while those from 6582-172 had

not. Additional data are needed to determine whether there is a real loss

of electrode activity at 100°C.

5.4.1.4 Effect of Gas Reversals

In several tests, interchanging the hydrogen and oxygen streams
has been shown to have a beneficial effect on both voltage and cell resistance.
Life test 6708-19, in which the hydrogen and oxygen were reversed after 808
hours, showed exceptional stability after the reversal. The first 800 hours
of this test, illustrating the typical downward trend in voltage and upward
trend in cell resistance with time, was shown in Figure 5-10. Figure 5-11
shows that after the reversal, voltage rose and stayed nearly constant
at 0.825 + .003 volts for approximately 600 hours. During this same period,
cell resistance dropped to approximately the same value as at the start of
the test, and then remained essentially constant. At 1580 hours total running
time, the performance of this cell declined very rapidly. By reducing the
gas flow rates, it was possible to stabilize the cell at a samewhat lower
voltage. Since water balance is being maintained at the lower gas flow
rates, it appears that there has been a loss of electrolyte from the active

area of this cell.
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Life test 6708-57 also showed more stable performance after reversing
the hydrogen and oxygen streams. 1In this test, as shown in Figure 5-12,
the gases were reversed twice; once after 50 hours, and again after 613 hours.
After the first reversal, voltage and resistance remained stable for about
200 hours, after which the usual trends became evident. Following the
second reversal, cell voltage has been stable at 0.82h t .003 volts for
approximately 600 hours, while cell resistance, which had been rising
steadily, has dropped and remained essentially constant.

Similar effects were observed in life test 6708-33 on reversing
the gases after 1230 hours, although in this case, the test was terminated
shortly thereafter because of gas leakage through the matrix (10 mil Fuel
Cell Asbestos).

The explanation for the observed more stable performance after gas
reversal is not immediately evident. Since the cell itself is symmetrical
(i.e. the same type of electrode on both sides) one would expect that,
following a presumably short period of reorientation during which concentration
gradients within the cell would be reversed, performance should then follow
the same trends as before the reversal. This does not appear to be the
case, however. It is hoped that further study of the effect of gas reversals
may help explain the general performance trends noted in this life-testing
program.

5.4.2 Tests with Experimental Electrodes

Life tests at T70°C, using dry gases, were run to evaluate
(1) a high-loading platimm electrode and (2) silver oxygen electrodes.

A life test was also run with & nickel black hydrogen electrode at 100-115°C.
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The high-loading electrode (S-6609-5-1, containing 40 mg Pt/em2
and 25% Teflon) was one which had given superior initial performance (see
Section 4.1 of this report). It was used at both hydrogen and oxygen sides
in life test 6597-T. On life test, it gave a high initial performance, but
showed a rate of decline similar to that for standard electrodes.

Two tests were run with silver electrodes. In both tests, a
relatively rapid initial drop in performance was observed. In one test
(6582-104), performance contimed to decline and the test was terminated
after 285 hours. Although performance had dropped to a low level, internal
resistance had not increased appreciably. Evaluation of the electrodes after
test indicated that the silver electrode had lost some activity, whereas the
type AB-1 hydrogen electrode had not. In life test 6718-16, performance
declined from about 0.78 volts to about 0.70 volts over the first 500 hours of
test, and then remained at approximstely that level for another 700 hours.
Thus, silver electrodes can operate relatively stably over long periods
of time, but their level of performance appears to be considerably below
that attainable with platinmum.

The test with a nickel black electrode (S-6449-41-1, approximately
55 mg/cmZ) was run in a one-inch dismeter cell, using dry gases, at 100°C
cell temperature (mamually controlled). During the first 100 hours, despite
temperature variations of I 5°C, the voltage at 100 ma/cm?® was maintained
between 0.82 and 0.85 volts. The cell was then moved to & new location and
the test continued, using & temperature controller. A voltage of 0.83-0.84
volts was maintained for approximately another 100 hours while gradually raising
cell temperature to 115°C. Performance then dropped more rapidly, and the
test was discontinued after a total of 287 hours. The nickel black electrode

had changed in appearance to a greyish color. When reassembled in a fresh
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cell it gave a much lower level of performance than originally, indicating
that either the electrode itself is not stable at 100-115°C, or that it had
become contaminated by degradation of other cell components at these
temperatures. This question will be pursued further as a part of our program

for life-testing at higher temperatures.
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6. SCALE-UP

For single cell scale-up to a size (6" x 6" electrodes) in the
range of battery dimensions, it is planned to simulate as closely as
Possible a cell operating within a battery stack. Cell design depends
to a considerable degree upon the particular methods used for removing
water and heat from the battery. Consideration therefore has been given
to various possible systems.

In a dynamic system, water (and heat) are removed by a con-
tinuous flow of excess reactant gas, which is recycled to the system after
condensing out water equivalent to that produced by electrochemical reac-
tion in the cell. By proper selection of operating parameters, both heat
and water balances can be satisfied by excess gas flows. In the more
general case, however, some auxiliary cooling must be provided.

In a static system, water balance is maintained by evaporating
water directly to space vacuum through a secondary membrane. This system
involves no recirculation of excess gas. Auxiliary cooling is required
t0o remove heat over and above that corresponding to the latent heat of
evaporation of the product water. The auxiliary cooling (for either dyna-
mic or static system) may be accomplished, for example, by fins around
the periphery of the battery stack, or by circulating a coolant through
the cell.

For space applications, the best methods for heat and water
removal are those which require the simplest controls, and which minimize
the weight-to-power ratio for the system. One of the principle objectives
of this program is to provide electrodes for & system furnishing power

at substantially less than 150 1bs/kw. Calculations have been made for
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several methods of heat and water removal to determine whether a choice
between methods can be made using system weight as a criterion.

6.1 Dynamic System of Water Removal

6.1.1 Dynamic System with Auxiliary Cooling

Battery parameters and ranges of operating variables consid-

ered are given below:

Gross power output: 2.k kw

Net power output: 2.0 kw

Voltage 2k v

Current 100 amps

Current density: 100-500 amps/ft2
KOH concentration: 3-13N

Pressure 1-3 atm

Cell temperature 50°-100°C

In the‘dynamic system, excess reactant gases, vaporizing water
from the battery, are passed through a condenser-separator and recycled
back to the battery. Make-up reactant gases are fed at a rate equal to
their consumption by electrochemical reaction. Equipment requirements
are less if only.one reactant gas is recycled. For this study, it is
assumed that hydrogen will be recycled, so that the water is removed on
the same side of the cell as it is formed.

Figures 6~1 and 6-2 show, for two alternative means of auxiliary
cooling, the principal components of a dynamic system. In Figure 6-1,
cooling is accomplished by blowing air past fins on the battery, while
in Figure 6-2, the primary coolent is circulated through the battery.

The weight and power consumption of the auxiliary components
depend primarily upon (a) current density and (b) the difference in humid-
ity between inlet and outlet gases. Increasing current density tends to

decrease battery weight, but increases the weight and power consumption




=9 3¥N9Id

L7

NVd
4T} /)
; O + % \
IATVA
ONIXIW
dWnd | | |
1NY100) ] o Addllve
AdVYWINd
— le ¥3SNIANOD
|
O% + W ¥
dwnd
N3IOOUGAH 39¥nd

AY3L11vE 437000~ dIV:W3LSAS JIWVYNAQ




—% N4

L (s}
;ﬁ O+ Y
e € -
dwnd
LNV100D
AYVYWINd
] }
_ . S oot | sl x¥3Llve
O
JATVA ONIXIW
YISNIANOD ; vmw
FATVA ONIXIW
1
- : 5
O%H + %4 |
dwnd I
NIO0UAAH '
393Nnd

A¥311vVd 437000 ATIVNYALNI  :WIALSAS JIWVYNAQ

L8




of the pumps or fans for recycle gas and battery coolant. Increasing the
humidity difference tends to decrease the weight and power consumption

of the gas recycle pump, but tends to increase the weight and power con-
sumption of the coolant pump or fan. Any given humidity difference can
be represented by many combinations of electrolyte concentration, battery
and condenser temperature, and pressure, all of which have some separate
influence upon the production and removal of waste heat. Nevertheless,
the range of system weight per net power to be expected can be reasonably
estimated by considering the four possible combinations of low and high
current density and low and high exit gas humidity.

Table 6-1 shows the levels of current density and exit gas humidi-
ties considered, and the operating conditions chosen for each of the four
combinations representing the two levels of these two parameters. TFor
each battery temperature, a reasonable range of condenser exit temperatures
was considered. Gases were assumed to leave the battery in equilibrium
with the electrolyte concentration within the battery. Negligible pressure
drop was assumed between condenser exit and battery inlet.

Table 6-2 shows the total heat generated by the battery and
the distribution of heat effects. The total heat generated by the battery
depends on the total current and the polarization at that current. Part
of the heat is removed as latent heat of evaporation of water in the battery
and as sensible heat required to heat both the incoming wet recycle hydrogen
and the dry make-up gas; the remainder must be removed by suxiliary cool-
ing. In terms of equipment, the heat load (over and above that removed
as sensible heat by the meke-up gases) is divided between the condenser

and the auxiliary cooling means.
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Teble 6-2 shows the distribution of heat loasds to be independent
of condenser exit temperature. Increasing condenser exit temperature in-
creases the flow of wet recycle hydrogen required to maintain the water
balance, but decreases the temperature differential between battery and
condenser. As a result, the sensible heat removed by the recycle hydrogen
is essentially constant. Since the sensible heat associated with the pro-
duct water is small and the latent heat effect is constant, changes in
condenser temperature over the range studied have no appreciable affect
on the distribution of heat loads.

The probable ranges of pump and fan duties estimated for the
four conditions considered are shown in Table 6-3. The estimates are based
on an assumed smbient air temperature of 21°C, a primary coolant temperature
of 21°C, and minimum temperature difference for heat exchange of 5°C (for
example, & 5°C difference between gas inlet and coolant exit temperatures
in the condenser). The ranges of flows shown in Table 6-3 for the hydrogen
recycle pump and the condenser coolant pump correspond to the ranges in
condenser exit temperatures considered.

Estimated weights and power consumptions for the major
components of the battery system are given in Table 6-4. Table 6-5 shows
calculated weight-to-power ratios for systems utilizing the various
combinations of operating conditions and alternative cooling means

previously discussed. The battery wvas assumed to be & stack of square
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TABLE 6-5

Estimated Weight-to-Power Ratio,

2kw Dynamic System with Auxiliary Cooling

1bs/kw
Current Density{l) Tow Tow High High
Battery Humidity( 1) Low High Low High
Cese 1(2) 105 65 97 5
Case 11¢3) 100 6k 90 48

(1) See Table 6-1 for ranges of current density and humidity
(2) Auxiliary cooling by air flow past fins (Figure 6-1)

(3) Auxiliary cooling by internal flow of liquid coolant {Figure 6-2)
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cells, each 1/4" thick, with bipolar separator plates 2" longer and wider
than the electrodes. The plates were assumed to be made of nickel-plated
magnesium alloy. Pumps and fans were sized assuming a pressure drop of 5
inches of water for the air fan, 1 psi for the hydrogen recycle pump, and
3 psi for the liquid coolant pump. Pump and fan efficiency was assumed to
be 50%. Approximate weights were obtained from manufacturer's data. The
condenser wvas assumed to consist of a small stainless steel tube bundle
in a plastic shell. The weight and power consumption of the statiec DC/AC
inverter are based on estimates published by feneral Electric Co.(a) for
inverters expected to be in operation within two years without technological
breakthroughs.

As shown in Table 6-5, the estimated weight-to-power ratio
for a dynamic battery system with auxiliary cooling is in the range 50-125
1’bs/kw. The major sources of system weight and power consumption are the
battery itself, the hydrogen recycle pump, and the static inverter. The air
fan power consumption becomes significant at the condition of high current
density and low exit gas humidity, partly because of the low battery temperature
chosen to obtain low humidity. The weight and power consumption of the static
inverter is independent of current density and humidity. Battery weight
is estimated to decrease 50% by increasing the current density from
100 amps/f‘t2 to 500 amps/ ft2 and to be independent of battery humidity.

There appears to be no significant difference, on & weight per unit
power basis between air and liquid cooling. The greatest decrease in weight

would come from reducing the recycle hydrogen pump capacity by operating at
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high battery humidity. The hydrogen pump weights shown here are for
steel pump construction. Special design and 1ight weight construction
of the hydrogen pump would make the weight-to-power ratio less dependent
upon battery humidity than shown in Table 6-k.

In order to achieve a weight-to-power ratio close to 50 lbs/kw,
it will be necessary to operate at high battery mmidity, i.e., with a battery
temperature close to 100°C. For the same reason it will be desirable to
operate with as low a KOH concentration as is consistent with good cell
performance. Minimm electrolyte concentration will depend on the type of
electrode and meatrix used, as discussed in Section 5.3.

6.1.2 Dynamic System with No Auxiliary Cooling

An analysis has been made of a dynamic system in which both water
and heat balances are maintained with excess reactant gas flow. The electrolyte
matrix was assumed to support no gradients in either temperature or normality.
Recycle gases (hydrogen or oxygen) were assumed to enter the cell saturated
at some specified inlet temperature. Dry feed was assumed to enter at the
same inlet temperature. The effluent gases were assumed to be in equilibrium
with the electrolyte matrix. Under these conditions, the steady-state
temperature and normality of the electrolyte can be computed explicitly after
specifying four parameters:

1. absolute pressure, P, atm

2. inlet flow rate (dry basis) relative to stoichiometric
requirements, F

3. inlet temperature, t;,, °C

L. current density, I, ma/cm?
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The same F and tin was used for both hydrogen and oxygen. The
relevant equations were derived (Appendix), and together with the required
correlations of physical properties were programmed for digital computation.
Electrolyte temperature and normality were camputed at P = 1 atm, F = 1 to 100,
tin = 50 to 99°C, I = 50 to 200 ma/em2. The basic results were then inter-
polated grephically to find combinations of inlet temperature and flow ratio

that resulted in a constant normality. These contours covered the range

over which a cell is likely to operate, 3 to 13K. The final results are plotted

-
3
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2
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w
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We see from Figure 6-3 that there is a broad range over which
the cell can be operated within the limits of 3 to 13K. At a given inlet
temperature and flow ratio, current demsity (between 50 and 200 ma/cm2) has
only a minor effect on cell normality. It must be emphasized, however,
that flow rate is relative to stoichiametric requirements, and stoichiametric
requirements are proportional to current demsity. Thus, we are assuming that
in going for exsmple, fram 50 to 200 ma/cm®, the absolute flow rate of the
feed gases is increased k4 fold.

For space applications it is important to keep to a minimum the
weight of the fuel cell package required to deliver a given amount of power
t0 an external load. The fuel cell package consists of the cell, the fuel,
and certain auxiliaries such as 8 water separator and gas recirculator.

To reduce the direct weight of the water removal and gas circulation system,
it is desirable to operate at the lowest practical flow ratio. Figure 6-3

shows that flow retes in the range 35-50 times stoichiometric are required

to keep the battery temperature down to 100°C. By comparison, the calculations

in section 6.1.1show that at 100°C the flow rates required for water balance

only are in the range 1 to 2 times stoichiometric.
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A battery could be operated at flow ratios lower than 35-50
provided that electrolyte temperatures above 100°C could be tolerated.
However, as the flow ratio is reduced below 10, electrolyte strength
becomes very sensitive to inlet gas temperature. At a flow ratio of
5, for example, & variation of L 2°C around the required inlet temperature
of 98°C would be sufficient to permit the electrolyte concentration to vary
over the whole range 3-13N.

From this study it appears that while a fuel cell battery
could be operated with both heat and water balances maintained by excess
reactant gas flows, the flow rates required would be very high. Since,
as shown in Section 6.1.1, the gas recycle pump is a major weight factor
in the battery system, this mode of operation may not be practical for
space applications.

6.2 Statie System of Water Removal

In the static water removal system, both hydrogen and oxygen
can be dead-ended to each cell in the battery, and vented only occasionally
to purge accumulated impurities. No gas recirculation equipment or condensers
would therefore be required. If the water is rejected to space vacuum, the
overall cooling requirements will be less for the static system than for
the dynamic by an amount equal to the latent heat of vaporization. On
the otherhand, auxiliary cooling (via fans or internal cooling) will be
greater than for the dynamic system by an amount equal to the sensible
heat removed from the recirculating gases in the condenser of the dynamic
system. At 100°C battery temperature, the difference will be small, since
the gas recirculation rate is low. At 50°C, however, the auxiliary cooling
requirement for the static system would dbe 30-60% higher than for the dynamic

system.



Because each cell of the static system requires additional
components to accommodate the extra membrane, the battery itself of
necessity will be heavier and occupy greater volume than for the dynamic
system. If it is assumed that the battery weighs 50% more than the equivalent
battery for the dynamic system, and that the weight and power requirements for
auxiliary cooling are approximately proportional to the cooling load, then
the weight-to-power ratio for a 2 kilowatt static system is estimated to vary
from about 45 to T5 lbs/kw. With static removal, the current density at
which the system operates is a major factor in determining battery weight,
while battery humidity (or cell temperature) has only a small effect.

Based on this preliminary analysis, it appears that system
weights of about 50 l'bs/kw should be attainable with either dynamiec or

static water removal systems.

61




T. FUTURE WORK

Work planned for the third quarterly period will see contimuation
of Phase I of the Work Schedule, particularly the investigation of operating
variables. Work will also be started on Phase II, involving scale-up to

single cells of 6" x 6" size. %he general plan is indicated below.

(a) Electrode Development

For the present, high-loading electrodes containing 40 mg Pt/cm2
and 25% Teflon will be considered as the new standard electrode for use in
the life-testing and scale-up programs. Further electrode develomment will
be limited to that required for optimizing performance in the life-testing
program.,

(v) Effect of Operating Variables

Work in this area will be contimied in order to define the inter-
relationships between temperature, pressure, and electrolyte concentration.
A preliminary investigation of the static water removal system on a 2" x 2"
scale is planned.

(e¢) Life-Testing

Further work in the life-testing area will emphasize higher
temperatures (to 100°C) and higher current densities (to 400 ma/cm2).
A vehicle for life-testing under pressure will be designed and fabricated.
The long-term stability of ACCO asbestos will be studied.

(d) Scale-up

(1) A single cell for preliminary evaluation of electrodes

on & 6" x 6" scale will be built and tested. Cell design will be generally
similar to designs currently used in the life-testing program, and will be based

on the dynamic water-removal concept.
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(2) Analysis of heat and mass transfer problems will
contimie, with emphasis placed_on determining the best gas distribution
and heat removal configurations to minimize temperature and concentration
gradients.

(3) A prototype bipolar separator plate, scaled for a
2 kilowatt battery, will be designed. The design will emphasize light-
weight conmstruction, and will be based on the analysis of heat and mass

transfer problems described in the preceding peragraph.
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APPENDIX

Performance Equations for Dynamic System with No Auxiliary Cooling

Hydrogen consumed, G mole/cm®-hr =

3600 sec/hr 1 G mole 1 amp
x - x x
96494 amp-sec 2 G equiv 1000 ma
G equiv
= 1.865 x 105 1

Hydrogen in = F(1.865 x 10-5 I)
Hydrogen out = (F-1)(1.865 x 1072 I)
Oxygen consumed = ; (1.865 x 1072 1)
Oxygen in = F:;g‘ (1.865 x 1072 1)
Oxygen out = % (F-1)(1.865 x 10~2 I)
Water produced = 1.865 x 1077 I
Water in via fresh gas = 0.

™0, tipn)

Water in via recyele gas = - (F-1)(1.865 x 1072 1)
P-p(0, t5,) 2

oN, toue) 3
Water out = ?_out - (P-1)(1.865 x 10~ 1)

P-p(N, t ) 2

All of the above flows are in G mole/cm2-hr

p(N, t) = vapor pressure of water over KOH solution of normelity N,

at temperature t °C.

P = total pressure
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Making a water bslance and solving for PN, t,)

»0, tip) 2/3
+ —_—
P-p(0, t:,.) F-1
BN, tous) = P e
20, tin) 2/3 (1)
1+ — +  —
P-p(0, tip) F-1
L J

which holds for all I=>0; F>1; P=>p(0, t;,)

Enthalpy input, cal/cm®-hr
F
6.96 (tin - 18)H(1.865 x 107 I) + 7.13(tyy - 18)5(1.865 x 1072 1)
p(o’ tin) 3
+/8.10 (ty, - 18) - 57,801, /] ————— - (F-1)(1.865 x 1075 I)
P-p(0, tip 2
in which the first term is the enthalpy of incoming hydrogen, the second
term 1s the enthalpy of incoming oxygen and the last erm is the enthalpy

of incoming water.

Rearranging, enthalpy in =

o0, 1;:i,n)
{10.53 (ty - 18) F + [12.15 (5, - 18) -86,702._/ (F-1)
P'P(O’ tin)
x (1.865 x 10-5 I)
Similarly, enthalpy out with effluent gas =
P(N) tout)
10.53 (tout - 18) + [ 12.15 (t . - 18) -86,702._7-
P-p(N, tout)

x (F-1)(1.865 x 10-5 I)

Enthalpy out as electrical power, cal/cm? ;. =

860.4 cal x E(I) volts x 1 amp x I ma
volt-amp-hr 1000 ma cm®
= 0.8604 I x E(I)

where E(I) is the working voltage of the cell, a function of current density.
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A-3

Making an enthalpy balance, dividing by 1.865 x 10-5 I, and using the water

balance to simplify

p(0, tin)
10.53 (tin - 18)F + /[ 12.15(t5, - 18) - 86,702. 7 ——l—n——(F-l)
(P-p(o tin)
P(N’ tou‘t)
= 10.53 (tous - 18) + [12.15(t 4 - 18) - 86,702 7 (F-1)
P"p(N) tOIIt)
+ 46,134, E(I)
which holds for any I>0
Solving for t ut
© 0, tip)
(tin -18) 410.53F + 12.15 (F-1)
out =18 + P P(O tin
P(N: tout) “
10.53 + 12.15 (F-1)
P‘P(N: tout)ll
57,801 - 46,134k, E(I)
+ (2)

same denominator
For a particular cell we require the polarization curve, E(I)
As an example, an empirical correlation gives
E(I) = 1.045 - 1.25 x 10~ I - 0.052000-250; 0=<1=<200 (3)
for a cell with standard AB-1 electrodes and "ACCO" asbestos matrix, operating

at 70°C.

For a particular electrolyte we also require the vapor pressure
of water as & function of temperature and normality. For KOH solutions,

empirical correlation of data from I.C.T. 3, p. 373 gives:

Ca
t + 273.18 t + 273.10
1-G,N-CoN2; N=<6 Ce + Cr LOG,o + € )
(N, t) = x 10 100 100
Ca-C4N-CsN2; N=6
(k) /

»

50<t=120; 0=<N<13
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A-h
0.0350 Cs = -0.001685
0.003k415 Ce = 9.94606
1.1836 Cr ==4.13306
0.0962 Ca = -28.295

Finally, we need the inverse of Equation (4); given p(n,t) and

t we compute N as A
l/< _ wmE) /
N, = Co
¢
Cq { (N, t) /
N L+ C3 - e Cs }
¢
t + 275.18 Cr
{Cs + Ca 1LOG +
g =10 100 (t +273.18)
100
L, if  O=N,=6 )
N =
o if 13z:nH:>6

otherwise N cannot be determined.

COMPUTATION SCHEME

(1)
(i1)

(iii)

Note that all computations are explicit (no iteration is required).

For a particular set of parameters (P, tj,, F, I):

Equations (4) and (1) are solved for PN, tout)
Equations (2), (3), (4) are solved for tout)

Equation (5) is solved for N
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Sanmple calculation

Parameters: I

Basic results:

100. ma/cm?,
15.

9k .6°C

1. atm
0.82223 atm
0.82372 atm
113.6lh°C

= 8.083
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